Introduction

45
Atmosphere is a thin gaseous layer around the Earth, consisting of nitrogen, oxygen and 46 a large number of trace gases including important greenhouse gases (GHG) such as water 47 vapor, tropospheric ozone (O 3 ), carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), 48
and chloro-fluoro-carbons (CFCs). Besides the gaseous components, atmosphere also 49 contains various aerosols, which are important for cloud formation and radiative transfer. 50
Atmospheric trace gases and aerosol particles are actually interactive components of the 51 climate system. Their inclusion in climate models is a significant enhancement for most 52 state-of-the-art climate models (Lamarque et al., 2013; Collins et al., 2017) . Early attempts in 53 coupling global climate dynamics with atmospheric chemistry can be traced back to late 54 1970s, when 3D transport of ozone and simple stratospheric chemistry were firstly 55 incorporated into a GCM to simulate global ozone (O 3 ) production and transport (e.g., 56
BCC-AGCM3-Chem is performed through a semi-Lagrangian scheme (Williamson and 135 Rasch, 1989) , and vertical diffusion within the boundary layer follows the parameterization of 136
Holtslag and Boville (1993). The gas-phase chemistry of the 63 MOZART2 gas-phase species 137 as listed in Table 1 is treated in the same way as in the "standard version" of MOZART2 138 depositions are calculated following the resistance-in-series approach originally described in 141
Wesely (1989) . Dry deposition velocities for the 15 trace gases including O3, CO, CH4, 142 CH2O, CH3OOH, H2O2, NO2, HNO3, PAN, CH3COCH3, CH3COOOH, CH3CHO, 143 CH3COCHO, NO, and HNO4 are directly interpolated from MOZART2 climatological 144 monthly mean deposition velocities, and those for the other 15 species are determined using a 145 weighted-combination of deposition velocities of ozone, CO, or CH3CHO. Wet removals by 146 in-cloud scavenging for 25 soluble gas-phase species in the "standard version" of MOZART2 147 use the parameterization of Giorgi and Chameides (1985) based on their temperature 148 dependent effective Henry's law constants. In-cloud scavenging is proportional to the amount 149 of cloud condensate converted to precipitation, and the loss rate depends on the amount of 150 cloud water, the rate of precipitation formation, and the rate of tracer uptake by the liquid 151 phase water. Other highly soluble species such as HNO3, H2O2, ONIT, ISOPOOH, 152 MACROOH, XOOH, and Pb-210 are also removed by below-cloud washout as calculated 153 using the formulation of Brasseur et al. (1998) . Below-cloud scavenging is proportional to the 154 precipitation flux in each layer and the loss rate depends on the precipitation rate. Vertical 155 transport of gas tracers and aerosols due to deep convection is not yet included in the present 156 version of BCC-AGCM3-Chem. 157
In the following sub-sections, we will describe the treatments in BCC-ESM1 for 2 158 gas-phase species of DMS and SO 2 , 13 prognostic aerosol species including sulfate (SO 4 2-), 2 159 types of organic carbon (hydrophobic OC1, hydrophilic OC2), 2 types of black carbon 160 (hydrophobic BC1, hydrophilic BC2), 4 categories of soil dust (DST01, DST02, DST03, 161 DST04), and 4 categories of sea salt (SSLT01, SSLT02, SSLT03, SSLT04 to SO 4 2-occur by gas phase reactions (Table 2) and by aqueous phase reactions in cloud 171 droplets. The dry deposition velocity of SO 2 follows the resistance-in-series approach of 172
Wesely (1989) using the formula, W SO2 = 1/(r a + r c ) , in which r a and r c are the 173 aerodynamic resistance and the surface canopy layer resistance, respectively. The loss rate of 174 SO 2 due to wet deposition is computed following the scheme in the global Community 175
Atmosphere Model (CAM) version 4, the atmospheric component of the Community Earth 176 System Model (Lamarque, et al., 2012) . 177
The sources of SO 2 mainly come from fuel combustion, industrial activities, and 178 volcanoes. SO 2 can also be formed from the oxidation of DMS as listed in Table 2 . The main 179 source of DMS is from oceanic emissions via biogenic processes. It is prescribed using the 180
MOZART2 data package originated from the International Global Atmospheric 181
Chemistry/Global Emissions Inventory Activity (IGAC/GEIA, Benkovitz et al., 1996) . 182
SO 4
2-is one of the prognostic aerosols in BCC-AGCM3-Chem. It is produced primarily 183 by the gas-phase oxidation of SO 2 (in Table 2 ) and by aqueous phase oxidation of SO 2 in 184 cloud droplets. The gas phase reactions, rate constants, and gas-aqueous equilibrium constants 185 are given by Tie et al. (2001 
Sea salt aerosols 217
As shown in Table 3 , sea salt aerosols in the model are classified into four size bins (0.2-218 1.0, 1.0-3.0, 3.0-10, and 10-20 μm) in diamater. They originate from oceans and are 219 calculated online by BCC-ESM1. The upward flux F sea−salt of sea salt productions for four 220 bins is proportional to the 3.41 power of the wind speed 10 at 10 m height near the sea 221 surface (Mahowald et al., 2006) and is expressed as 222 Dry deposition of sea salts depends on the turbulent deposition velocity in the lowest 225 atmospheric layer using aerodynamic resistance and the friction velocity, and the settling 226 velocity through the whole atmospheric column for each bin of sea salts. The turbulent 227 deposition velocity and settling velocity depend on particle diameter and density (listed in 228 Table 3 ). In addition, the fact that the size of sea salts changes with humidity is also 229 considered. The wet deposition of sea salts follows the scheme for soluble aerosols used in 230 CAM4, and depends on prescribed solubility and size-independent scavenging coefficients. 231
Dust aerosols 232
Dust aerosols behave in a similar way as sea salts. Their variations involve three major 233 processes: emission, advective transport, and wet/dry depositions. The dust emission is based 234 on a saltation-sandblasting process, and depends on wind friction velocity, soil moisture, and 235 
Surface emissions 266
Surface emissions of chemical species from different sources are summarized in Table 4 . Seven tracers in Table 1 belong to biogenic volatile organic carbons (VOCs), i.e. ISOP, 279 ACET (CH 3 COCH 3 ), C 2 H 4 , C 2 H 6 , C 3 H 10 , Terpenes (C 10 H 16 ), and OC 2 . As shown in Table 4 
The preindustrial model states 308
The preindustrial state of BCC-ESM1 is obtained from a piControl simulation of over 309 600 years in which all forcings including emissions data are fixed at 1850 AD conditions. The net energy flux at TOM without obvious trend in 600 years (Fig. 1b) , and the global mean 317 surface air temperature shows only a small warming (Fig. 1a) . During the last 450 years, there 318 are (±0.2°K amplitude) oscillations of centennial scale for the whole globe, which are 319 certainly caused by internal variation of the system. 320 Pacific Ocean, where wind speeds near the sea surface are strong. As shown in Fig. 3, all (Fig. 4) , the global SO 2 burden in the atmosphere increased from 100 Tg in 1850s to 200 372 form SO 2 (Table 2) to that of sulfate, but they showed continuous increases from 1950 to present. 387
The dust and sea salt aerosols in the atmosphere are largely determined by the 388 atmospheric circulations and states of the land and ocean surface. We can see that the global 389 dust burden in the atmosphere showed a large interannual variability and was slightly 390 enhanced from 1950 to 2000, which could be partly caused by global warming and increasing 391 soil dryness resulting in more surface dust to be released in the atmosphere. 392
Global aerosols budgets 393
We further evaluate global aerosols budgets by comparing a 10-year average of 394 BCC-ESM results from 1990 to 2000 with various observational data for sulfate, BC, OC, sea 395 salt, and dust. Their annual total emissions, average atmospheric mass loading, and mean 396 lifetimes are listed in Tables 5 and 6 . It is worth emphasizing that the global mean total source 397 and sink for each type of aerosols in BCC-ESM1 are almost balanced. 398
The global DMS emission from the ocean is 27.4 Tg S yr −1 in BCC-ESM. It is higher 399 than the value reported in Liu et al (2005) , largely due to stronger wind speed near the sea 400
surface. This high emission in BCC-ESM is nearly balanced by the gas-phase oxidation of 401 DMS to form SO 2 . The DMS burden is 0.06 Tg S with a lifetime of 0.78 days, which is within 402 the range of other models reported in the literature. As shown in Table 5 
Aerosol Optical Properties 495
Aerosol optical depth is an indicator of the reduction in incoming solar radiation (at a 496 particular wavelength) due to scattering and absorption of sunlight by aerosols. In this study, 497
we calculate the aerosol optical depth (AOD) at 550 nm for all aerosols including sulfate, BC, 498
Organic Carbon, sea salt and dust as the product of aerosol dry mass concentrations and their 499 specific extinction coefficients. The total AOD is calculated by summing the AOD in each 500 model layer for each aerosol species using the assumption that they are externally mixed. 501
The aerosol optical depth (AOD) observations retrieved from MODIS and MISR are 502 (Fig. 13) . 514
Summary and discussions
515
This paper presented a comprehensive evaluation of aerosols simulated in version 1 of 516 the Beijing Climate Center Earth System Model (BCC-ESM1) with the implementation of the 517 interactive atmospheric chemistry and aerosol based on the newly developed BCC-CSM2. 518
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